Abstract: By using two spatially separated reference electrodes in a single cell proton-exchange membrane fuel cell (PEMFC), the individual potentials of the anode and cathode are recorded under realistic operating conditions. The PEMFC was operated under dead-end anode (DEA) mode, without any humidification, to mitigate water accumulation at the anode. Although N 2 crossover from cathode to anode may play an important role in PEMFCs operating under DEA mode, our results unexpectedly show that the over-potentials of both the anode and cathode concomitantly increased or decreased at the same time. These changes in over-potential correlate to the high frequency resistance of the cell (R hf ) implying that the water content in the membrane electrode assemblies is critical. However, the subsequent H 2 depletion tests suggest that water may accumulate at the interface between the surface of the catalyst and the ultrathin perfluorosulfonic acid (PFSA) ionomer film and this contradicts the above (the increase in R hf implies the drying out of the MEAs). This study highlights the need for further research into understanding 2 the water transport properties of the ultrathin PFSA ionomer film (< 60 nm): it is clear that these exhibit completely different properties to that of bulk proton-exchange membranes (PEM).
Introduction
Proton-exchange membrane fuel cells (PEMFC) represent a promising clean energy generation technology that is at the beginning of commercial application. The cost of the PEMFCs has been reduced by > 80% since 2002. The cost of fuel cell systems vehicles has been reduced to $49/kW (in 2011) [1] . Although it is still $19/kW higher than the DOE 2015/2017 target, fuel cell vehicles are being introduced into the market (starting in Japan). However, the cost still needs to be reduced further for wide acceptance of fuel cell cars to be realized.
Fuel cells operating under dead-end anode (DEA) mode is of increasing interest [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] as control systems can be significantly simplified. However, water accumulation and the N 2 crossover (cathode  anode) are issues of concern [2] [3] [4] [5] [6] [7] [8] [9] [10] .
However, the primary factors that are causing the significant drops in cell performance remain the subject of debate. By using neutron image technology, Siegel et al. [3] observed that accumulation of liquid water in the anode channels was followed by a significant drop in voltage when the air supply was fully humidified.
Others argue that N 2 crossover from the cathode to the anode, when the fuel cell is 3 operated under DEA mode, leads to a high concentration of N 2 and subsequent fuel depletion in the anode [6] [7] [8] : this will also cause the performance drop of the cell. In support of the latter, the performance of a DEA-mode fuel cell mode yielded a constant cell performance for 3  longer periods of time when supplied with pure H 2 and O 2 compared to when H 2 and air supplies were used [8] . Meyer et al. [13] claimed that 50 ppm N 2 in the grade of H 2 used (BOC "zero grade" H 2 -likely to be widely used in such research work) leads to accumulation of N 2 at levels up to 2.3% in the anode of DEA PEMFCs (i.e. contributes to most of the N 2 observed in the anode).
They also observed that the N 2 contents at the anode increased from 0.25% to 3% when the fuel cell was switched from flow mode to DEA mode. This highlights that the impurities in the H 2 supply need to be considered when discussing the effect of N 2 crossover from the cathode to the anode. However, the results presented in this study imply that the water content of the membrane electrode assemblies (MEA) is the critical factor that is responsible for the significant performance drops in cell performance. It is hypothesized that water accumulation at the interface between the catalyst surface and the ionomer plays an important role and that this needs to be subject to more detailed research.
Experimental details
A single cell with an active area of 19 cm 2 was employed in this study. Carbon paper electrodes, each containing a catalyst layer (Pt loading = 0.95 mg Pt cm -2 ) coated onto a micro-porous carbon layer, were hot-pressed onto 50 m Nafion-212 proton-exchange membrane (PEM) to form the membrane electrode assemblies (MEAs). Nafion dispersion (5wt% in isopropanol) was used as the binder to form the ionomer film in the catalyst layers. Pd coated Pt wires containing absorbed H
[denoted as (Pt)PdH] [15] were used as in situ reference electrode (RE). Two spatially separated REs (one located at the anode side and the other at the cathode side) were used to independently record the potentials of anode and cathode under real-time fuel cell operation conditions. The details of the placement of the REs were as previously reported [16] .
The fuel cell was operated in DEA mode with no external humidification at anode, A test protocol was developed to aid the production of repeatable results: After the temperature of the cell and the RH of the air supply reached the set point, the cell was discharge at 0.2 V for ca. 30 min until the current was the same for the same MEA tested under the same condition (in order to mitigate against transient effects between different tests under different conditions). The H 2 was then purged during this 0.2 V discharge step. The cell was then maintained at OCV for 3 min. This procedure was 6 used to ensure the MEA was fully balanced before formal testing was initiated.
Typically, the fuel cell tests were repeated 3 times and data was discarded if the deviation of the potential of the RE was > 40 mV unless otherwise specified. For clarity, the error bars are not shown in the plots presented in this paper: however, a typical repeatability test result can be found in Fig. S3 of the Supplemental Information.
Results and discussion
The dramatic performance drop of fuel cells running in DEA mode has been ascribed to either water accumulation (at the anode) or N 2 crossover (from cathode  anode). This study is aimed at further elucidating the origins of this fuel cell performance drop.
Typical performances (at constant current) are presented in Fig. 1 (with a fuel cell discharge current of 400 mA cm geo -2 ). The over-potential of anode increased as expected as seen in Fig. 1(b) . However, the over-potential of cathode also increased (at the same time). When operated in the (Fig. 2) . The cell resistance decreased as expected due to the increased back diffusion of water from cathode to anode with the slower cathode flow rates (along with the 9 simultaneous shift of the potential of anode, cathode, and the whole cell). The fuel cell was operated under H 2 depletion conditions by closing the H 2 inlet as shown in Fig. 3 .
The R hf (Fig. 3(a) ) increased as expected on shutting the valve (cutting off the H 2 supply). The inset graph in Fig. 3(a) shows the cell voltage changed (when the fuel cell was discharging normally at 400 mA cm -2 ) after shut off of the H 2 inlet (for 5 s) and after reopening. A sudden drop in cell voltage (from 606 mV to 595 mV) was observed on closure of the H 2 inlet. The cell voltage then recovered back to 605 mV on opening of the inlet, decreased again to 602 mV, and finally increased slowly back to the initial value of 606 mV. The pulse in voltage was caused by the changes in H 2 flow rate and the increase in cell resistance during inlet shut off and reopening step.
To explore the potential shifts at the anode and cathode, the H 2 inlet was closed for 5 min and then reopened again [data shown in Fig. 3(b) ]. After a period of time after the inlet of H 2 was reopened, the cell performance recovered. The over-potentials of anode and cathode and the R hf shifted simultaneously during both (H 2 and O 2 ) depletion tests (consistent with the tests in Fig. 1 ). As R hf values reflect the water content in the MEA, the observation of simultaneous changes of the potential of the cell, the over-potentials of anode and cathode, and the R hf confirms that water effects are likely responsible for the loss of cell performance with time.
To further understand the observations in the initial H 2 depletion test above, the H 2 inlet was shut off for 5 s (shut off initiated when a cell voltage of 0.45 V was reached) and then reopened again (the outlet remained closed for the entire process, see Fig. 4 ).
The cell voltage (circles in Fig. 4 ) and the R hf (stars in Fig. 4 However, the voltage of the cell recovered to 0.52 V immediately the H 2 inlet was reopened: this shows a completely different behavior from the test that generated the data in the inset of Fig. 3(a) . This confirms that the increased in cell voltage (70 mV more than the value before H 2 inlet closure) was not caused by the fluctuation of H 2 flow rate due to the shut off and reopened inlet.
The R hf increased on shut off of the H 2 inlet. As the cell was discharging at 400 mA cm -2 when the inlet of H 2 was closed, the H 2 would be quickly depleted and the pressure at anode would be decreased. The increased R hf indicates the evaporation of water (including any that has accumulated in the MEA) due to this reduced pressure at the anode. It is also understandable that the R hf value decreased again when the H 2 inlet was reopened, as the pressure of H 2 in the anode recovered leading to the balance of water (between the gas and the MEA) recovering back to the initial state (to that prior to the closure of H 2 inlet). However, the increased 70 mV in cell voltage could not be caused by the decreased in R hf after inlet reopening (this is calculated to It is a paradox that the R hf increases when water is accumulating at the interface between the surface of catalyst and the ionomer films. However, this situation can exist due to the different characteristics of the thin ionomer film (covering the surface of the catalyst in the CLs) compared to the bulk PFSA membrane (i.e. Nafion PEM).
TEM images of the PFSA ionomer coated catalyst in the CLs of our MEA confirmed the thickness of the PFSA ionomer film to be in the range 2 -10 nm (as shown in Fig   5) . By using sum frequency generation spectroscopy (SFG), Noguchi and coworkers [20] show that the interface between the PFSA thin film and the Pt surface is different from the interface between PFSA and a HOPG surface. A peak ca. 3600 cm -1 , that corresponds to water molecules interacting with the sulfuric acid groups in proton channel at PFSA surface, was observed in the SFG spectra (in the OH stretching 12 region) for both of the Pt/PFSA and HOPG/PFSA interfaces. However, while the intensity of this IR band increased with RH for the PFSA/Pt interface, no increase was observed for the PFSA/HOPG interface. This suggests that water is more prone to accumulate at the PFSA/Pt interface rather than the PFSA/carbon interface. The work of Page et al. [21] [22] shows that the humidity dependent equilibrium swelling ratio, volumetric water fraction, and effective water diffusivity was much lower in a PFSA ultrathin film (< 60 nm) on a silicon wafer compared to a thicker film (60 -250 nm).
The water transport kinetics in a thin film on a hydrophilic or a hydrophobic substrate is the same [22] . Page et al. suggest that the retardation in the transport kinetics in ultrathin films, compare to thicker films, is not due to the interfacial morphology of the transport domains but rather a general effect of confinement [22] . Paul et al. [23] found that ultrathin films (< 55 nm) exhibited hydrophilic surface characteristics, whereas thicker films (> 55nm) exhibited hydrophobic surface characteristics (as seen with bulk Nafion PEM). All of these cited prior works suggest that PFSA ionomer ultrathin films (< ca. 60nm) have different properties compared to those of bulk Nafion. However, it is still not clear how the ultrathin ionomer films affect the water distribution at the interface between the catalyst and the ionomer under real operating conditions. Although caution is warranted when transferring the limited pool of knowledge regarding ultrathin PFSA films to a real world catalyst/ionomer interface (due to the different interface properties regarding ultrathin films and substrates in the literature), our results are still consistent with the hypothesis that water accumulates at the interface even when the membrane or the ionomer film is dry (due to the lower subjects that need to be studied in detail in the future.
Although the significant performance drop of H 2 /air fuel cell is unlikely to be due to the effect of the N 2 crossover (cathode  anode), the fuel cell supplied with RH = 0% H 2 and O 2 showed no significant drop in cell performance drop over 500 min of testing, while an comparable fuel cell supplied with RH = 0% H 2 and air did show significant drop in cell performance over only 100 min (both experiments at 400 mA cm -2 ); this observation was consistent with those of Yu et al. [8] . This indicates that the presence of N 2 is still important but further investigations are required to elucidate what exactly is going on.
Conclusion
The experimental results show that the over-potential of anode and cathode and the high frequency resistance (R hf ) values all concomitantly increased during temporal 14 drops in cell voltage for proton-exchange membrane fuel cells operating in dead-end anode (DEA) mode. This implies a close relationship between the over-potential of anode and cathode and the cell resistance. The current work provides a hypothetical mechanism to explain these observations. The MEA needs to be considered as a whole and it is hypothesized that water accumulates at the interface between the surface of the catalyst and the ultrathin ionomer film resulting in H 2 depletion at the anode. Further studies on this phenomenon are needed and will lead to deeper insights into the fundamental electrochemical processes occurring in the catalyst layers. It also highlights the need for further studies into the properties of ultra thin (< 60 nm) PFSA films and its effect on water diffusion and distribution in the catalyst layers of the MEAs under the real fuel cell operating conditions. 
